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ABSTRACT
Neurites and other cell processes en-
counter localized deposits of signaling fac-
tors as they grow. The difficulty in generat-
ing patterned artificial substrates has
hindered the analysis of these instructive
factors in vitro. Here we report a simple
method for presenting cultured cells with
small spots of protein on an otherwise uni-
form substrate. We use a biolistic device
called a gene gun to deposit 0.1–5 µm fluo-
rescent dots of pure protein on or beneath a
growth-promoting substrate. Using this
technique, we demonstrate local presynap-
tic differentiation of motoneurons in re-
sponse to dots of a polycation. We also
show that biotin-avidin and antibody-anti-
gen interactions can be used to prepare
spots from more dilute, more labile, or less
abundant proteins. This method should
prove useful for analyzing extracellular sig-
naling molecules that act focally on neurons
or other cell types.
INTRODUCTION
Neuronal processes (axons and den-
drites) grow, turn, branch, stop, and form
synapses in response to highly localized
signals in their environment (12). Al-
though this subcellular specialization is
especially prominent in neurons, many
cell types make local responses to local
cues as they differentiate, become polar-
ized, or migrate.
To understand the mechanisms that
underlie such local phenomena, it is ob-
viously important to present putative
cues to restricted portions of the cell.
However, in many cases, cell-environ-
ment interactions have been analyzed
in vitro by growing the cells on substra-
ta uniformly coated with putative sig-
naling molecules or by applying mole-
cules in soluble form. In large part, this
is because methods available for con-
structing patterned substrates involve
laborious, complex, or expensive tech-
niques such as photolithography, mi-
crostamping, or microfluidic patterning
(2,3,6,7,13). Here we report a simple,
alternative approach in which small
dots of protein are applied to culture
dishes ballistically (or biolistically) us-
ing a gene gun (8). In this system, the
cells encounter spots of protein immo-
bilized on an otherwise uniform sub-
strate. We demonstrate the utility of the
method by showing that neurites of pri-
mary motoneurons form varicosities
and cluster synaptic vesicles at points
of apposition to a known inducer of
presynaptic differentiation (5). We also
provide protocols for exploiting biotin-
avidin and antibody-antigen interac-
tions to prepare spots with proteins that
are dilute, labile, or in short supply. 
MATERIALS AND METHODS
Making Dots
Eight-well chamber slides (Nalge
Nunc International, Rochester, NY,
USA) were coated with polyornithine
(1.5 µg/mL; Sigma, St. Louis, MO,
USA) in sterile water for 30 min and
dried. The slides were then positioned
so that the opening of a single well was
centered on, and directly opposed to, a
tissue culture membrane insert attached
to a Helios gene gun (Bio-Rad Labora-
tories, Hercules, CA, USA) (Figure
1A). Neighboring wells were masked
with Parafilm®. The gun was fired as
described below, the chamber slide and
the Parafilm were repositioned, and the
process was repeated until all wells had
been spotted. Slides were left to dry un-
der sterile conditions for 30 min and
then were coated with a solution of
mouse laminin (10 µg/mL; Invitrogen,
Carlsbad, CA, USA) in L-15 medium
at 37°C overnight.
To prepare cartridges, Gold-Coat
tubing (Bio-Rad Laboratories) was
coated with 1% polyvinylpyrrolidone
in ethanol, as recommended by the
manufacturer, and then cut into 1–1.5
in lengths. The tubing was syringe-
loaded with proteins dissolved in sterile
PBS and left for 5 min before being
drained, cut with the Tubing Cutter
(Bio-Rad Laboratories) into 0.5-in seg-
ments, and loaded into a Helios gene
gun. Delays greater than 10 min be-
tween draining and firing a cartridge
greatly reduced the amount of protein
reaching the dish surface, probably be-
cause of drying within the tube.
To adjust the dot size, a 25-mm ster-
ile polycarbonate tissue culture insert
(Nalge Nunc International) of either 3-
or 8-µm pore size was fitted over the
barrel liner of the gene gun and secured
with tape (Figure 1A). To accommo-
date the filter, we removed the spacers
from the end of the barrel liner. Helium
pressure was adjusted to 80 or 120 psi
for the 3- or 8-µm membrane, respec-
tively. Before shooting a new protein
solution, the membranes were replaced
or cleared with several blank shots to
eliminate cross-contamination.
The sources and concentrations of
proteins applied biolistically are as fol-
lows: BSA (3.3 mg/mL for motorneu-
ron culture; otherwise 200 µg/mL)
(Sigma); 200 µg/mL BSA conjugated
to Alexa Fluor (Ax) 488 (BSA-Ax488)
(Molecular Probes, Eugene, OR,
USA); 1.5 mg/mL poly-D-lysine; 2 mg/
mL fluorescein isothiocyanate (FITC)-
conjugated poly-D-lysine (fPL) (both
from Sigma); 200 µg/mL biotin-conju-
gated BSA; and 200 µg/mL donkey
anti-goat IgG Ax 488 conjugate (Mole-
cular Probes). 
To generate multilayered dots, the
slides were shot as above, washed three
times with PBS, and then incubated
with one of the following proteins di-
luted in L-15 medium supplemented
with FCS or BSA: 25 µg/mL rhoda-
mine-conjugated avidin, 10 µg/mL
streptavidin-Ax 568, 5 µg/mL biotin-
conjugated goat anti-mouse IgG
(Amersham Biosciences, Piscataway,
NJ, USA), 2 µg/mL goat anti-mouse
IgG2a Ax 568 conjugate, donkey anti-
goat IgG Ax 568 conjugate, or donkey
anti-goat IgG Ax 488 conjugate.
Tissue Culture
Motoneurons were purified from
E12.5 mouse embryos by density cen-
trifugation at 500× g for 15 min in Op-
tiPrep (Sigma) as previously described
(1). Purified motoneurons were plated
onto spotted, laminin-coated chamber
slides and grown for five days in Neu-
robasal media (Invitrogen) with B27
supplement (2% v/v) (Invitrogen), horse
serum (2% v/v), 0.5 mM L-glutamine,
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25 µM L-glutamate, 25 µM β-mercap-
toethanol, and 10 ng/mL BDNF at 37°C
and 7.5% CO2.
Histology
Motoneurons were fixed with 4%
paraformaldehyde in PBS for 15 min at
room temperature. The cells were
washed three times with PBS before the
remaining paraformaldehyde was scav-
enged, and the cells were permeabilized
with 50 mM lysine in PBS plus Triton®
X-100 (0.1% v/v) for 15 min. Nonspe-
cific staining was blocked with a solu-
tion of BSA (2% v/v) and goat serum
(2% v/v) plus Triton X-100 (0.1% v/v)
in PBS for 1 h at room temperature. The
cells were then incubated with a mouse
monoclonal anti-synaptic vesicle pro-
tein-2 (SV2) antibody (Developmental
Studies Hybridoma Bank, Iowa City,
IA, USA) plus anti-neurofilament-200
rabbit polyclonal antibody (Sigma)
overnight at 4°C. The cells were washed
with PBS, incubated with indocarbo-
cyanine (Cy3)-conjugated goat anti-
mouse IgG (Jackson ImmunoResearch,
West Grove, PA, USA) plus goat anti-
rabbit IgG Ax 350 conjugate for 1 h at
room temperature, washed again with
PBS, and mounted with glycerol plus
paraphenylenediamine.
Images were collected on a Axio-
plan2 microscope (Carl Zeiss, Thorn-
wood, NY, USA) with a MagnaFire
camera (Optronics, Goleta, CA, USA)
and rendered with Adobe® Photoshop®
version 6.0.
RESULTS AND DISCUSSION
The gene gun uses a burst of pres-
surized helium to propel the particles.
Although it is designed to shoot DNA-
coated gold microspheres, we found
that it is also able to spray solutions
onto culture dishes similar to an atom-
izer. In initial tests, the spray pattern
consisted of large, irregular splotches,
whereas we wanted to present the neu-
rites with dots approximately 1 µm in
diameter. Therefore, we affixed a
porous polycarbonate tissue culture in-
sert over the barrel of the gene gun to
break up the droplets (Figure 1A). With
this modification, smaller dots were
produced over an area that was approx-
imately 4 mm in diameter. The dot size
varied with the pore size of the mem-
brane affixed to the gun: a 3-µm pore
size generated dots with diameters of
0.1–1 µm, while an 8-µm pore size
generated dots that ranged up to 5 µm
in diameter (Figure 1, B–D).
Local Responses of Motor Neurites
to Dots
Neurites growing on large (approxi-
mately 50 µm) beads coated with poly-
D-lysine show multiple sites of presy-
naptic differentiation in which synaptic
vesicles are clustered within swellings
of neurites (5). To examine the utility of
our method, we prepared a dish spotted
with polylysine using an 8-µm mem-
brane. The unmodified polylysine was
mixed with fluorescein-conjugated
polylysine so that the dots would be
identifiable. Other wells were spotted
with a mixture of BSA and BSA-
Ax488 as a control. Laminin was then
applied to all wells, and embryonic mo-
torneurons were plated in them.
The frequency and intensity of
polylysine- or BSA-containing dots in
cultures maintained for five days did not
differ substantially from those examined
immediately after spotting, thus demon-
strating the long-term stability of spotted
substrates. Neurites accumulated SV2 at
points of contact with polylysine dots
(Figure 2, A–D), indicating the presence
of synaptic vesicles (4,11). In addition,
the neurite diameter often increased lo-
cally at the dots, forming varicosities
similar to those observed at developing
neuromuscular junctions in vivo (10).
These results demonstrate both molecu-
lar and morphological presynaptic dif-
ferentiation. Neurites that encountered
BSA dots did not accumulate SV2 or
form varicosities (Figure 2, E–H). These
results show that spotted substrates can
elicit biologically meaningful localized
responses to patterned signals. 
Using Dots for Protein Capture
Spotting requires a relatively large
quantity of protein (approximately 100
µL protein solution at an active concen-
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Figure 1. Biolistic generation of spotted substrates. Chamber slides were held
against the membrane of a tissue culture insert affixed over the gene gun detach-
able barrel (A). Parafilm was used to mask the neighboring wells from cross con-
tamination. A solution of BSA-Ax488 was shot through tissue culture filter in-
serts with 3 (B) or 8 µm (C) pores at 80 or 120 psi, respectively. (D) The
distribution of the dot sizes depends on the membrane pore size. For panels B
and C, scale bar equals 5 µm.
Figure 2. Polylysine dots stimulate the local clustering of SV2 pro-
tein and formation of synaptic varicosities. Embryonic mouse mo-
toneurons were cultured on laminin-coated microchambers pre-spotted
with either polylysine (PL) supplemented with fluorescein-PL (green,
A) or BSA supplemented with BSA488 (green, B). After five days cells
were fixed and stained for SV2 (red, B and F) and neurofilament-200
(blue, C and G). Digital images were collected and combined demon-
strating colocalization of SV2 and varicosities over PL dots (D) but not
over control BSA dots (H). Scale bar (A–H) equals 5 µm.
tration) with an activity that is stable to
drying on the dish. Polylysine is well
suited for spotting because it is readily
available, pure, inexpensive, and stable.
However, few proteins capable of elic-
iting biological responses are likely to
have these qualities. To circumvent
these limitations, we tested the possi-
bility of using biotin-avidin and anti-
body-antigen interactions to trap the
proteins on the spots.
To assess the ability of biotin to re-
cruit avidin to the dots, polyornithine-
coated chamber slides were spotted
with biotinylated BSA plus BSA-
Ax488, coated with laminin, and then
incubated with rhodaminated avidin (in
L-15 medium supplemented with BSA
for 12 h at room temperature). After
washing, avidin was specifically bound
to the dots (Figure 3A). Identical dish-
es spotted with BSA plus BSA-Ax488
before incubation with rhodamine-
avidin showed no avidin binding 
(Figure 3B).
To assess the ability of immobilized
avidin to bind a biotinylated protein to
the dots, we attempted to spot dishes
with avidin. However, we found that
avidin immobilized in this way was un-
able to bind significant quantities of bi-
otinylated protein (data not shown),
perhaps because of inactivation during
drying (9). To overcome this problem,
the slides were spotted with biotinylat-
ed BSA and then coated with laminin
and treated sequentially with strepta-
vidin-Ax568 and biotinylated goat anti-
mouse IgG. To detect bound biotinylat-
ed protein, we added donkey anti-goat
Ax488. Following this sequence, strep-
tavidin and biotinylated goat anti-
mouse were both specifically bound to
the dots (Figure 3C). In contrast, when
biotinylated goat anti-mouse was omit-
ted from the second incubation, no
binding of donkey anti-goat Ax488 was
detected (Figure 3D). This method of
linking proteins to the dish surface
should prove useful if a putative signal-
ing factor can be purified and biotiny-
lated. The high concentration of bi-
otinylated BSA spotted on the dish,
plus the multivalency of avidin, ensures
that any biotinylated protein added sub-
sequently will become highly concen-
trated on the dots.
If antibodies (unlike avidin) retained
their binding activity after spotting,
then antibody-spotted dishes would al-
low concentration of putative signaling
factors, even from impure preparations
such as medium conditioned by trans-
fected cells. To test this possibility, we
spotted slides with donkey anti-goat
IgG Ax488 plus BSA-Ax488. After
laminin coating, the slides were incu-
bated with goat IgG Ax568 (goat anti-
mouse in L-15 medium supplemented
with FBS) for 12 h at room tempera-
ture. Upon examination, goat IgG was
found specifically bound to the dots
(Figure 3E). Identical dishes incubated
with donkey IgG Ax-568 after spotting
instead of goat IgG Ax568 showed no
binding (Figure 3F).
CONCLUSIONS
Patterned substrates represent an im-
portant step in the progression of in vit-
ro assay systems toward the ultimate
goal of replicating in vivo environ-
ments. Assays involving such substrates
will become increasingly valuable as
more localized cues are discovered. In
some cases, specific patterns (e.g.,
stripes) may be needed, and sophisticat-
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Figure 3. Use of biotin or antibody-containing spots to concentrate proteins. (A–F) Schematics under
each image column depict the sequence of the binding steps. For each column, the lowest image corre-
sponds to the first (lowest) fluorescent treatment in the schematic below. The middle image represents the
next fluorescent treatment, and the upper image shows an overlay of the lower two images. (A) When dish-
es spotted with biotinylated BSA plus BSA-Ax488 are incubated with rhodaminated avidin, avidin is
bound to the dots with a high specificity. (B) If nonbiotinylated BSA plus BSA-Ax488 are shot instead,
the avidin is not bound. (C) Red dots are observed when the dishes are spotted with only biotinylated BSA
and incubated with streptavidin-Ax568. When such dots are incubated with biotinylated goat anti-mouse
IgG, antibody is bound to the dots, as detected with donkey anti-goat Ax488. (D) When the biotinylated
antibody is excluded, bound streptavidin cannot form this link. Antibodies can also form selectively adhe-
sive dots. (E) Donkey anti-goat Ax488 plus BSA-Ax488 spots are able to bind goat anti-mouse Ax568 an-
tibodies with high specificity. (F) These dots do not bind the non-complementary donkey anti-goat Ax568
antibody. Av, avidin; DAG, donkey anti-goat Ig; GAM, goat anti-mouse Ig. Scale bar equals 10 µm.
ed methods for generating them are be-
ing developed in many laboratories.
However, in many cases, the geometric
requirements are not stringent, and tech-
nical simplicity and speed are more de-
sirable. Spotted substrates should prove
useful in such cases.
We were also able to develop tech-
niques to couple proteins to dots formed
from selectively adhesive materials.
These modifications allow proteins that
are less abundant, pure, or stable to be
used in a spotted dish assay, thereby ex-
panding the range of signals that can be
tested. Together, these methods should
be applicable to assays of a variety of
putative cues and the analysis of their
effects on diverse cell types.
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ABSTRACT
Apyrases are enzymes that efficiently hy-
drolyze ATP and ADP and may operate both
inside and outside the cell. Although apyras-
es are important to a variety of cellular
mechanisms and uses in industry, there are
no available apyrase-specific inhibitors.
Colorimetric assays based on the Fiske-Sub-
barow method for measuring inorganic
phosphate are able to detect the release of in-
organic phosphate from ATP and other nu-
cleotides. We found that this type of assay
could be automated and used to screen for
apyrase-inhibiting compounds by assaying
for a reduction in released phosphate in the
presence of potential inhibitors. The automa-
tion of this assay allowed for the successful
screening of a commercially available com-
pound library. Several low molecular weight
compounds were identified that, when used
at micromolar concentrations, effectively in-
hibited apyrase activity.
INTRODUCTION
Apyrases are enzymes that hy-
drolyze nucleoside diphosphates and
triphosphates and are dependent on
Ca2+ or Mg2+ for activity (13). The
potato apyrase enzyme has a high cat-
alytic activity with the ATPase kcatKM
of approximately 108 M-1 s-1 (8).
Apyrase enzymes have been implicated
in many cellular functions, including
golgi compartment protein glycosyla-
tion (6), depletion of parasite host cell
ATP levels (15), purine salvage mecha-
nisms (12), viral and cancer mecha-
nisms (4,13), and inhibition of platelet
aggregation (1). Besides apyrase func-
tion in the cellular mechanisms men-
tioned above, potato apyrase specifical-
ly is an important industrial enzyme
used in assays such as luciferase-based
microbial contamination tests to clear
samples of background ATP (16).
Despite the interest in apyrase func-
tion, there is a lack of useful inhibitors
specific for apyrase. Typical inhibition
of apyrase activity involves the use of
ATP analogues such as ARL 67156
(7,17) or a high concentration of sodi-
um azide (11) or vanadate. However,
these inhibitors may be impractical for
use in some research or industrial appli-
cations and unsuitable as potential ther-
apeutic agents. In fact, literature dis-
cussing apyrase is punctuated with
comments regarding the lack of apyrase
inhibitors (2,14,18).
Colorimetric assays such as the
Fiske-Subbarow and malachite green
tests for the release of inorganic phos-
phate are widely used for measuring
ATPase activity and other processes in-
volving free phosphate (3,10). Here we
discuss an automated, high-throughput
screen designed to obtain efficient and
effective small-molecule inhibitors of
apyrase from a library of compounds.
This screen utilizes the Fiske-Sub-
barow assay and a commercially pre-
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